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Fig. 1. Multi-layered ground structure with interfaces
having smooth curvatures (after Horike, 1987).
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Fig. 2. Assumption of the periodicity of surface or
subsurface irregularities for the horizontal direction.
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(1)

Coﬁsider multi-layered structures with surface or interface
having curvatures due to incident plane wave in the steady
state.

!

(2)
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Express the scattering field by superposition of plane
waves and represent the displacement in the form of an
infinite integral with respect to continuous horizontal

wavenumber.

(3)

Assuming the periodicity of irregularities for horizontal
direction, discretize continuous horizontal wavenumber.

!

(4)

Approximate the infinite integral in (2) by a finite sum
over discrete horizontal wavenumber.

!

Applying the boundary conditions, obtain the boundary
continuous equations over respect to horizontal direction.

|

(6)

Taking the Fourier transform of the equations in (5) in the
horizontal direction, obtain (6N+3) simultaneous 1linear

equations.

Solving these equations for undetermined coefficients,
calculate the displacements at arbitrary positions.

!

(8)

To obtain time domain responses, repeat the above procedure
from step (1) to (7) varying the frequency changing.

Fig. 8. Flow chart of Aki-Larner method (ALM).
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Fig. 4. Analytical model for test of the solution in the frequency domain.
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F]g 5. Reéponsés along the surface in the frequency domain.
Surface axis is normalized by the half width of the valley R.
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Fig. 6. Analytical model for test of the solution in the time
domain (after Koketsu, 1987 with slight modification).
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Fig. 7. Responses along the surface in
the time domain. The input signal given
in Eq. (10) is used and the predominant
frequency f, is set to 0.5 Hz (after Koketsu,

Fig. 8. Responses along the
interfaces obtained by ALM.
Output points are shown in Fig.
6. The other conditions are the

1987 with slight modification). same as in Fig. 7.
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Fig. 9. Analytical model for parametric studies.

1) AL a3 Lcofisgs
c BEEOERAIKFEHR A LT fioBEKThH L L.
s TE AT IO OB THD Z &

2) RFATY y 7 RXT 4 BITH LTOLM
cHEROBBBRTHEZ L.

CCREBBRET BT A= 2PN &

(b)  AGHE

E SH BaBEEANTLIEEYEARET L. £ LTCAHEFZ, Ricker Wavelet

KHAWS., SRR, kR0 L5 BB TEIRS.

it —t,)?

=Y (a—05)e", a= (11)

2 t7




318 KIEL -7 SR

T, b, HRLAD, t IRKEECR X ARMYET. EHE Fig. 10 0 X 5 7cH
MieBRE L T35, MEBEETCIMBEYERTAIERY LEL bh, B EORR
ThHy A vECENTISHCLBRTWD., AL Th, FEORBORFILN YT
{IEBDT, ThERAVasZ LTS,

Time History

/\\ JaN
v

0 1 2

Ts (sec)

Fourier Spectrum

/]

0 1 2 3
1/Tp (hz)

Fig. 10. Ricker wavelet given in Eq. (11).
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Table 1. List of parametric studies.

Parameter Index Value “Model
Shape Ratio H/2R 0.025, 0.05, 0.1, 0.2 A
Impedance Ratio K 2,8 4.5 A
Damping Factor hy 0%, 2%, 5% A
Incident Angle 0 0°, 15°, 30°, 45° A
Length of Flat Layer We/2R 0, 0.2, 0.4, 0.6 B
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* Underlines show the value of the fundamental case.
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(a) l-dimensional Analyses

MAX = 5.98
MIN = 2.00

i i . MAX = 3.59
(b) 2-dimensional Analyses Max - 9.99
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Fig. 11. Amplification factors along the surface for each frequency .
calculated by (a) Haskell method (1-D analyses) and (b) ALM (2-D

analyses). The frequency axis is normalized by fi(=

surface axis is normalized by the half width of the valley R.
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Fig. 12. Transfer functions calculated from 1-D analyses (dashed line) and 2-D
analyses (solid line). The frequency axis is normalized by fi(=p:/4H).
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those from 1-D analyses.
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Fig. 15. Responses along the surface in the time domain caleulated by

ALM. The shape ratio H/2R is set to (a) 0.025, (b) 0.05, (c) 0.1 and (d) 0.2,
The other conditions are the same as in Fig. 13. :
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Fig. 16. Maximum amplitude of time responses in Fig. 15,
The shape ratio H/2R is used as a parameter. The other condi-
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Fig. 19. Responses along the surface in the time domain calculated by
ALM. The damping factor of alluvium h; is set (a) 0%, (b) 2% and (c) 5%.
The other conditions are the same as in Fig. 13.
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Fig. 20. Maximum amplitude of time responses in Fig. 19.
The damping factor of alluvium h; is used as a parameter.
The other conditions are the same as in Fig. 14.
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Fig. 21. Responses along the surface in the time domain, calculated by
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Fig. 23. Responses along the surface in the time domain, caleulated by
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Fig. 24. Maximum amplitude of time responses in Fig. 23.
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Fig. 25. Analytical model for studying the behavior of the surface wave
generated at the dipping interface (Model-B in Fig. 9).

Table 2. Soil properties of fundamental case.

Alluvium Half-space
Density (ton/m3) 01=2.0 02=2.3
S-wave Velocity (km/s) p1=0.5 B2=1.8
P-wave Velocity (km/s) a;=1.0 a=2.6
Damping Factor (%) h;=1 hy=0
Poisson’s Ratio v1=0.33 v2=0.33

Table 8. Analytical conditions from Case 1 to Case 5.

Case 1 | Case 2 | Case 83 | Case 4 | Case 5

Damping Factor: hy 1% 5% 1% 1% 1%
Incident Angle: @ 0° 0° 30° 0° 0°
Impedance Ratio: « 3 3 3 6 3

Incident Wave Type SH SH SH | SH SV
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Fig. 26. Example of responses along the surface in the time domain for
the fundamental case (Case 1). The predominant period of the Ricker wavelet
is set to 2.4 sec and the amplitude axis is normalized by the maximum ampli-
tude of the incident signal, which is shown at the bottom,
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Fig. 27. Propagation velocities of surface waves. Solid
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4-3. RROBHEEE
HERER CER IR 5 REW OWI/IZOWT, FEE (EET5EERE) ORIE & LBk
LS BRE Lic. &7 — A0kl (X/IR=0.0) kit 5 REWHS ORKIEE &
EEP My ORAIRES, AFROEEZ &<, Fig. 8 i, ik, ¥y —A5 T




2 kot AL BT X A WA O M E SN 833
EAFHEL SVIEE LT Bh®d, KEENEN D T ETBLET DA, & o TikTF
B DB DONTHRF LT 5, '
a) Casel d) Cased
’ : O BODY WAVE i ! H 3 H
4 O3 SURFACE-WAVE-~ 4 -l
. _— M,&O@m WL

1 O--BODY- KAVE
O SURFACE KAVE

0 1 2 3 4 3

PERIOD (scc) PERIOD (sce)
b) Case2 e) Caseb )
T T T T T T
: O BODY- WAVE i : © O BODY WAVE
4 0- SUR:FACE"WAVE o 1k S .4.“...,A.“:A(.)“..g...,.A...n,.SUR]:EACE.WA\I[;,.“,
: : ) 0To— 4
H OO OO K
3 MYO/O Q. g Te— ; M’OM ......... -
2 2
1 5 L H C‘\Q\D\
ﬂmw@maﬁ‘m\a : : 0
0 b i i i 0 i i i
0 1 2 3 1 3 0 1 2 3 4
PERIOD (scc) PERIOD (se2)

¢) Case3

T T
: © BODY, WAVE
4 : -+ 01 SURFACE:HAVE~~

Fig. 28. Maximum amplitudes of the

direct wave and the surface wave observed ‘
at the center of the valley, with the pre-
dominant period of the Ricker wavelet vary-

0 1 ? 3 ¢ s ing from 1 sec to 4 sec.
PERIOD (sec) ‘

BT Ehbhn. 1 RIEEEH TR, ZPRifo 1 REBEML 24 B Ths2, EH
B0 RAIRIELEH 8.0 oo AHECH L THEKE S DL, Ricker Wavelet o B
BEEEAY 1 VIRERR Y, -7 BEBEBLTIRELLCEI LT LD TH
% (Fig.108M1R). ¥, ©—7HRr —A4 2B 4r —ARBWTL, FEEDOMEE
oTnsb, ¥ —A4TE, 1 VE—FVAERKRELWOTMHMOr — 2ADBHFHETE
R KIRIEL R LI,

T, RAEORARBICEE TS, REAFEOC- 7R, ¥ — 22 T3 28,
r—AB T L6 PR, O3 r —ARBWT I8 E 22H LT EZ i
2%, Eic, REEORAREL, FEBCHKLT, SVWAHTE-2724T w5,

7, FEBHORKIRECERTS. &y —A L3 A 3.0 Bek W THRARIEYET ‘




834 ' REHIL -8 BR

AR EAEREOBIREECOVWTRIE, KD X5k bbb, ¥ —A1T
3, B X L PREREIESCHNTRES DS W b5, Thik, 7—*4
AT D — ARDOWT S FEETH S, r—A2 T, r—ALCERTEERHEE
B OEESEPEECh DEEOBBETNIL Ko T 2 b s, I, XKl
BEEEBCHRTRE A LTS, Shid, 3-8 Thl~ic X, HKEMIZ
FEHCHEANTENEBRE WL b THD, r—2 83 Tl, TEHORAMEKEE XY
—21DFREBE—FKTH. LoL, BEEBSE,r =2 LITHEANTORREL. Zh
Lo, AEABEOEEY, AP TEIEH CRALEARCIIRESRRLLETE
B, A4, 4 VvE—FVARNKREL LY, F—A LR TEE & R@PO
WERLIREARE L - TWh, ¥, REEORKARER Y — 7 A0 228251
¥ o, TERHE LR LELREYRLTVS. ZOBEMILMO r - AR bR
V. F—Ab T, EEEOC—-271X 16 BELD, ¥ ALRENTERLY &
ftoTWw5b, Zhii, %E&@ﬁﬁ@gb@tbf@éb(7~x1mﬁfﬁ r—A5
v —9 ).

DLk, IE@&%ﬁ&@%h%h@%ﬁ%%@ﬂ%mﬁﬁkoufﬁﬂbt# EHIT
Fig. 29 i3, &7 A Z L CRAEBRORKIERO FEH ORARIE KT 5 (U,
Bio “PRIBH LS RETCCRID, r-Al, r—238, r-25TE, r—
2 DEADIRIEIL 51~64% L b BAND BT Lhvbind. LivL, ¥ —A 2054
it 24% BThBH. Eh, r—A4 CHREEROBAEESEEHOLRER -t
FEEBEGNR LR, Lo AMESY -2 BH0 2.0 B b ECERER-THIE
BHAVRNE e bis\. Fie, BERO -7 B LT, &y —ARBWVWT 14 B
M 228 Ll T, BEMER T, BEEORINERSAN (CoRy “=7

) A8 LIES) OFEECI\WCTERTREAE L < R 5 & ShTiB ey, Fig 27 105
Lkiém,&—xl&%~%5o%é,%ﬁ%fw®$ﬁ%%ﬁb%T%%K%?%1
7Y —HEEFERERK2H, ¥Wl4WEich, —77, Pig-28(a) B L Fig: 28(e) iR
LL@%%RK%LTE&?M%%@&@%%%@% m?D—ﬁﬁ%f%ﬁ&&ofm
F R SV

O CASE

PERIOD- {sec)
Fig. 29. Ratlo of maximum amplitude of the surface wave
to that of the direct wave shown in Fig. 23.




2 &It AL IRIC X 3 HTERNE O W BIRT 835

5. ERHBRIOFERCDONT

IHET, BRLLCHERIEZNS L LT, MEPHREORE YT - TE s, o
TE, EEOTRERMBIC KT 5 MBI O TEERYT.

HEHEHCIE, =~ s2BTELhEE m@AﬁL,nm&aL;of&ﬁghTT%
WA BIEFRE S\ (FIE, FEFE, FRET, BRAA, B ). 21T, 1854 K
KRS X0 1928 SERFMBEOERICE, ThbOMICS W THENER L - kA8
Mmbh T, Fig. 30 i, 1854 FREHBWB BT 2 HESHKERT. LT,
1 RICWB R CE S TERI R~ 7 vV —% v 3 v, 7 (Fig. 31) b4, oo
L5 MBRBRCR T, P2 BOoBHTAHUKICHE L THENKRE LD L23F
BEhz, Larl, ZhLOMBRCRTERSEMEY, TEBME L U CRITmCK
F L plizRrc iz,

T, ERBEHOMES LR L LT, MBOREREISMEREE S 2 5B
%, 2T AL x ACCENECHRET 5. ndk, KR TR, ThE CRERMED
TR L C, ASHERE LCEBOBERSEY AV TR, o T EERIG
BARZ PARBWCT LRI X AR E OB ERTEE N eh ol 22T, ©
hooRLERLT, RANKEETLZ LT 5.

14 15 16 17 18 19 20 21 22 23
ARAKAWA

Damage Ratio
® 80%

® 40%
O 0%

Scale 125,000 2 KM

Fig. 30. Damage distribution at Tokyo in the 1854 Ansei-Tokai-Eafthquake
(after Tokyo Disaster Preparedness Council with slight modification).
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Fig. 32. Sections of some alluvial valleys in Tokyo (after Institute of Civil
Engineering of Tokyo Metropolitan Government with slight modification).
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Table 4. Shape ratios of some alluvial valleys in
the city area of Tokyo Metropolis.

Distri ct VVZI% th Deﬁth ShaIPI,e/ Zfﬁatio
Hakusan 100m 10m 0.1
Azabu 150m 10m 0.067
Akasaka 400m 12m 0.03
Soto-Kanda 400m 10m 0.025
Nezu 400m - 10m 0.025
Hibiya 600m 14m 0.023
Nishi-Kanda 900m 15m 0.017

i3 (H2R=0.1) %My k¥, Fig. 38 i3 X5k 2BlE=7 L2 RET5. Th
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Fig. 33.  Analytical model for alluvialvalleys in Tokyo (Model-B in Fig. 9). (a)
Model TKO1l shows the area around Nezu and Soto-Kanda, and (b) Model TKO2 shows
the area around Hakusan.
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Table 5. Soil properties for analytical models
TKO1 and TKO2 shown in Fig. 83.

Alluvium Half-space
Density . (ton/ms3) 01=1.4 02=2.0
S-wave Velocity (m/s) £1=80 B2=400
Damping Factor (%) h=2.5 he=0
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Fig. 834. NS component of Tokyo 101 used as input motion.
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Fig. 35. Transfer functions for Model TKO1 obtained by 1-D analyses and 2-D
analyses. Sold lines indicate the results from 2-D analyses and dashed lines indicate
those from 1-D analyses.
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Fig. 88. Transfer functions for Model TKO 2 obtained by 1-D analyses and 2-D

analyses.

The other conditions are the same as in Fig. 35.
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Response Analyses of Sediment-Filled Valleys due to Incident
Plane Waves by Two-Dimensional Aki-Larner Method

Michihiro OHORI* and Tadao MINAMI

Earthquake Research Institute

In the last two decades, many works have been done for studying the effect of surface
or subsurface irregularities on ground motion so as to explain very localized and. strong
variations in large earthquakes damage distributions. Many papers are concerned with
the seismic behavior of sediment-filled valleys. But many authors calculated the responses
of ‘analytical models with shape ratio (depth to width) larger than that of an actual sedi-
ment-filled valley, e.g. Trifunac, 1971; Wong and Trifunae, 1974; Sanchez-Sesma and
Esquivel, 1979; Dravinski, 1980; et al., in which it is larger than 0.2. As for the shape
ratio of the actual sediment-filled valleys, for large-sealed valleys, e.g. Mexico basin, Kyoto
basin and Odawara basin, it is usually less than 0.1. For small-scaled valleys, e.g. many

alluvial valleys between loam-layered hills in the city area of Tokyo Metropolis, it is about,

0.03 on the average and about 0.1 maximum. . It is hard to find a valley with shape ratio
larger than 0.2, except in an artificial case. Therefore, it is necessary. to investigate the

seismic responses of shallow sediment-filled valleys with shape ratio smaller than 0.2. In-

this paper, we analyzed responses of sediment-filled valleys with realistic analytical condi-
tions due to incident plane waves by use of the two-dimensional Aki-Larner method.
First, we studied the effect of various parameters of sediment-filled valleys on. the
seismic motion (e.g. the shape ratio, impedance ratio, damping factors of alluvium, incident
angle and length of dipping layer). In the fundamental case, a cosine-shaped valley is
used.” Then, the shape ratio is set to 0.1 and the impedance ratio between alluvium and
deluvium is set to 3.0. The Ricker wavelet is used as input motion with a predominant
period of T; (=4H/B:). Then the above parameters were varied within realistic ranges.
Some conclusions are as follows.
1) The surface wave generated at the dipping interface arrives at the center of the valley
after the direct wave. As the shape ratio increases, the arrival time of the surface wave
approaches that of the direct wave. At a shape ratio of 0.2, resonance over the whole
valley occurs.
2) High impedance ratio has the effect of increasing the amplitude level of the surface
wave and keeps the seismic energy in the valley. So, according as the impedance ratio
increases, the duration becomes longer.
3) As the incident angle becomes larger, the dlstmbutlon of seismic energy has very strong
variations and the largest amplification occurs at the side opposite the incident side.
Second, we studied the responses of shallow valleys. In our analytical model, shape
ratio was set to 0.03. Damping factors, incident angles, impedance ratios, and incident
wave types were varied to see their effects on generation of surface waves. The Ricker
wavelet was used as input motion with predominant periods varying from 1.0 sec to 4.0
sec. We calculated the time histories of ground motions, obtained the propagation velocity
of surface waves which were generated at the irregular interface of the valley, and com-
pared the maximum amplitudes of the surface waves with those of direct waves. Some
conclusions are as follows. ‘
4) The propagation velocity of surface wave generated at the edge of valleys appro-
ximately corresponds to the theoretical phase velocity for the ground structure in the

* Now at Technical Research Institute, Obayashi Corporation.
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center of the valley.
5) Maximum amplitudes of surface waves occur at the frequency corresponding to Airy
phases, and their values approach the amplitudes of direct waves. Especially, in the case
of high impedance ratios, amplitudes of surface waves are slightly larger than those of
direct waves.
6) Damping factors of alluvium decrease amplitudes of surface waves more strongly than
those of direct waves because of the difference between the path lengths of each wave.
Third, we calculated the responses of two typical alluvial valleys seen in the city area
of Tokyo Metropolis. One is in Nezu and Soto-Kanda (Model TKO1), which has 400 m
width and 10 m depth (shape ratio=0.025), and the other is in Hakusan (Model TKO 2),
which has 100m width and 10m depth (shape ratio=0.1). A two-layer sediment-filled
valley was used as the analytical model. The impedance ratio between alluvium and delu-
vium is 6.0. Microzonation maps for this area have been made by the Haskell method.
We caleulated the responses in both frequency and time domains and compared with results
obtained by the Haskell method. The NS-component of Tokyo 101 was used as input
motion. FElastic response spectra with damping factor 2.0% were also calculated. Some
conelusions are as follows. :
T) The responses of both typieal alluvial valleys show that the effect of subsurface irre-
gularities generates large amplification and significant spatial variations in the ground
motion. If we need finer microzoning, it will be necessary to calculate the ground am-
plifications by two-dimensicnal analyses to take these features into consideration.
8) The response spectrum show that it depends on the surface location whether the peak
value of two-dimensional analyses is larger than that of one-dimensional analyses or not.
But in the case of Model TKO1 (shallow valley), the difference is less than 10% and in
the case of Model TKO 2 (deep valley), it is less than from 20% to 30%.




